). In the same article, a hypothesis is given depicting how this active transport in concert with certain characteristics of the medullary architecture might produce a transport cascade toward the papillary tip, thus supporting the accumulation of salts in this region. The effectiveness of the proposed mechanism can be judged by a mathematical model only. The Computer simulations of the present study demonstrate that this mechanism indeed leads to an increase of the concentrating capability of the renal countercurrent System. mathematical model; active salt transport; medullary architecture BASED ON MORPHOLOGICAL observations in some Speeles, it has been concluded (21, 23) that the upper parts of the long descending limbs of Henle's loops should be able to secrete salts into the tubulär fluid. The experiments of Ernst and Schreiber (7), who have demonstrated membrane-bound Na + -K + -ATPase activity of the epithelium in the rat, support this assumption. However, it has so far escaped verification by isolated tubule perfusion techniques.
It is characteristic for the renal inner medulla to taper from a broad basis to a very thin papilla (20, 21) . The long loops of Henle reach different levels in the inner medulla and decrease rapidly in number from the base to the tip of the papilla. Kriz (21, 22) gives a hypothesis concerning how these characteristics of the medullary architecture in concert with the above-mentioned active transport might produce a transport cascade toward the papillary tip, thus supporting the accumulation of salts in this region (see MATHEMATICAL MODEL) . The effectiveness of the proposed mechanism can be judged by a mathematical model only. The Computer simulations of the present study test the hypothesis with a new differential equation model of the renal tubulär System.
MATHEMATICAL MODEL
The mathematical model is a successor of previously published kidney models (11, (26) (27) (28) 34) . Like these 0363-6127/87 $1.50 Copyright © 192 models, it describes local mass balance for water, salt, and urea in the Single tubules by differential equations:
Fhis) = -27TÄ, x J a (s) I = 1 (salt), 2 (urea) (16) where i = 1, descending limb of Henle's loop (DLH); i = 2, ascending limb of Henle's loop (ALH); i = 3, distal tubule (DT); i = 4, collecting duct (CD); s, distance into the medulla from the corticomedullary border; Ä,-, radius of tubule i\ F tv , volume flow rate in tubule i; F,i, flow rate of solute I in tubule L The transmural fluxes, J I V and J ih obey the laws of irreversible thermodynamics (16)
where L Pj is hydraulic water conductivity of the wall of tubule i; P ih permeability of the wall of tubule i for solute I; oa, reflection coefficient; Ca, concentration of solute I in tubule i (i = 1, • • •, 4); C 6 i, concentration of solute I in the central core (33) . In the tubules, axial diffusion may be neglected (8, 28) , so Ca = Fa/F IV for i = 1, • • • , 4. The active transport, T ih is assumed to obey MichaelisMenten kinetics, namely
where Ca = Ca if Ta is directed outwards, and Ca = C 6 i if Ta is directed inwards. V mjl is the maximum rate of transport, and K mtl is the Michaelis constant. In the model, only salt is transported actively. This active transport occurs in the outer medullary sections of the ascending limbs and in the distal tubules. There it is directed outward. Furthermore, the active transport occurs in certain parts of the descending limbs (see below), there it is directed inward. Table 1 gives the thermodynamic parameters. As far as possible values are those measured directly in isolated perfused tubules.
For the hydraulic conductivity in the inner medullary CD, the value of Morgan and Berliner (29) was preferred to the (lower) value of Rocha and Kokko (31) . If the latter value is used in the model, not enough water is osmotically extracted from the CD fluid when it flows down the medulla, and CD and surrounding central core do not reach nearly osmotic equilibrium. This would be inconsistent with classic experimental findings (9) . For the CD parameters a linear transition zone between outer and inner medulla was assumed in 4.5<s<7.5. The ALH parameters, however, change abruptly at the outer-inner medullary junction.
The DT parameters meet the requirement that late distal fluid is isosmotic (9) . Additional arguments for the chosen set of thermodynamic parameters, especially those for the pelvis, may be found in the work done by Lory et al. (26) .
The length of the medulla is assumed to be 10.5 mm (outer medulla, 4.5 mm; inner medulla, 6 mm). The medullary architecture of the tubulär System is modeled very carefully and considers recent experimental morphological results (3, 20, 21) . The number of collecting ducts remains constant in the outer medulla. On entering the inner medulla, however, they fuse together in a dichotomous manner on eight successive levels. Therefore, the inner medulla of the model is subdivided into eight equal parts: Ci = 4.5 (outer-inner medullary junction), c 2 = 5.25 , • • •, c 8 = 9.75 , c 9 = 10.5 (papillary tip). In each s-interval c k -i<s<c k , 2 9~* collecting ducts are present (k = 2, • • 9). In the outer medulla, 256.
As six nephrons drain into one CD, 1,536 loops of Henle eventually merge into one CD. Consequently, this number of loops is modeled. Two-thirds of these loops (1,024) are short loops, which reach from the corticomedullary border (s = 0) to the outer-inner medullary observations (3, 20, 21) . The functional importance of this fact for the concentrating capability has recently been studied with a highly idealized model (24) .
In the long descending limbs, upper parts are distinguished. These upper parts reach from the border between outer and inner stripe (s = 1.5) to s = 4.5 for groups 2-4, to s = 6.0 for group 5, and to s = 8.25 for group 6. These architectural features are of great functional importance for the hypothesized transport cascade (21, 22) . In Fig. 1 two short loops and three long loops are drawn. The latter reach different levels in the inner medulla. The upper parts of the long descending limbs are black. It is suggested that salt secretion occurs in these segments. These salts would be taken down to deeper levels of the inner medulla and would diffuse out of the ascending limbs. At this level, upper parts of longer long loops could take up a part of these salts to carry them down to deeper levels.
Each of the above-mentioned six groups of loops (1 group of short loops plus 5 groups of long loops) are modeled by three differential equations, 2, A and J3, for the descending limbs and three differential equations, i, A and B> for the ascending limbs. This especially detailed modeling of the loop System is necessary in order to allow 3). In the second Simulation (Si), a moderate rate of active salt transport into the upper parts of the long descending limbs is assumed (V mn = 7.7 X 10~6 mmolcm"
2^" " 1 , K mn = 300 mmol/1). In both simulations (S 0 and Si), the active salt transport in the outer medullary sections of the ascending limbs is given by V m2l = 13.2 X 10"
6 mmol-cm^-s" The computed concentrations of salt and urea are within the ränge of physiological measurements. Figure  6 compares the computed slice (total tissue) concentration of salt (see Ref. 26) for Simulation Si with the measured slice concentration [electron microprobe (17) ] and shows good agreement. The concentration declines slightly over the first few millimeters of the inner medulla and rises steeply ("exponentially") in the neighborhood of the papillary tip. The corresponding computed concentration of Simulation S 0 is very similar (difference <4%).
Previous mathematical models of the renal concentrating mechanism were not able to produce a considerable increase of the salt concentration from the outerinner medullary junction to the papillary tip, as long as measured values were used for the parameters (14) . Even the assumption of an active salt transport in the inner medullary CD did not improve this Situation (6) . It should be noted, however, that the present model predicts a reasonable value for urine-to-plasma inulin in the Si case only (Table 11 -5 in Ref. 13 ).
The computed slice concentrations for urea increase in both zones of the medulla and reach 459 mmol/1 (Simulation S 0 ) and 379 mmol/1 (Simulation Si), respectively, at the papillary tip. This should be compared with a measured slice concentration of ~430 mmol/1 (Fig. 4 in Ref. 10 ).
CONCLUSION
The calculations show that an active salt transport into the upper parts of the long descending limbs would indeed produce a cascade of salt transport toward the papillary tip as supposed by Kriz (21, 22) . This is clearly demonstrated in Table 6 , which compares the salt flow rates in the loops of Henle for simulations S 0 and S x .
When active salt transport into the upper parts of the long descending limbs is present (Si), the salt flow rate in the loops at the papillary tip is considerably higher (+68%) than in the absence of active transport in the descending limbs (S 0 ). Consequently in the Si case, the System of Henle's loops is able to supply much more osmolarity to the remaining structures of the papillary medulla. This is demonstrated in Table 7 , which compares the net efflux of total osmolarity from the loop System in various segments of the medulla for simulations S 0 and Si. In the S 0 case, the relatively low amount of osmolarity, which is supplied to the papillary central core-CD System, can concentrate CD fluid with only a small flow rate. This concentration takes place by water extraction. In the Si case, however, enough osmolarity is present and CD fluid with a reasonable flow rate comes to nearly osmotic equilibrium with the surrounding interstitial space.
Thus the transport cascade of salts toward the papillary tip increases the concentrating capability of the renal countercurrent System. In the S 0 case, only 7.54 X 1(T 6 mosmol/min are excreted by one collecting duct per unit time. Düring passage through the DT, the fluid interacts with the cortical interstitium, where the sohlte concentrations are assumed to be the same as in the arterial plasma (C Pl = 140 mmol/1, C P2 = 9 mmol/1). Hence where J 52 * 0 for 0.0<s<8.25 and j» = v for 6,-1 < s <b"
In the central core, the model allows sohlte movement along the medullary axis by both convection and diffusion (15) . For references and for AC(s) see (26) .
